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ABSTRACT
The symbiotic nova V745 Sco was observed in outburst on 2014 February 6. Its ob-
servations by the Chandra X-ray Observatory at days 16 and 17 have revealed a
spectrum characterized by asymmetric and blue-shifted emission lines. Here we in-
vestigate the origin of these asymmetries through three-dimensional hydrodynamic
simulations describing the outburst during the first 20 days of evolution. The model
takes into account thermal conduction and radiative cooling and assumes a blast wave
propagates through an equatorial density enhancement. From the simulations, we
synthesize the X-ray emission and derive the spectra as they would be observed with
Chandra. We find that both the blast wave and the ejecta distribution are efficiently
collimated in polar directions due to the presence of the equatorial density enhance-
ment. The majority of the X-ray emission originates from the interaction of the blast
with the equatorial density enhancement and is concentrated on the equatorial plane
as a ring-like structure. Our “best-fit” model requires a mass of ejecta in the outburst
Mej ≈ 3 × 10
−7M⊙ and an explosion energy Eb ≈ 3 × 10
43 erg and reproduces the
distribution of emission measure vs temperature and the evolution of shock velocity
and temperature inferred from the observations. The model predicts asymmetric and
blue-shifted line profiles similar to those observed and explains their origin as due to
substantial X-ray absorption of red-shifted emission by ejecta material. The compari-
son of predicted and observed Ne and O spectral line ratios reveals no signs of strong
Ne enhancement and suggests the progenitor is a CO white dwarf.
Key words: shock waves – binaries: symbiotic – circumstellar matter – stars: indi-
vidual (V745 Sco) – novae, cataclysmic variables – X-rays: binaries
1 INTRODUCTION
V745 Sco is a symbiotic nova that was observed in its lat-
est outburst on 2014 February 6 (Waagen 2014). Previ-
ous outbursts were recorded in 1937 and 1989 (Duerbeck
1989) and, probaly, one was missed in the 1960s (Schaefer
2010). This makes of V745 Sco a member of the elusive
group of recurrent novae (Duerbeck 1989). The character-
istics of the V745 Sco stellar system are poorly known due
to the crowded galactic bulge region in which it sits; it is
thought to be a close binary, comprising a red giant star
and a white dwarf (Duerbeck 1989) with an orbital period
of 510± 10 days, and located at a distance of 7.8± 1.2 kpc
(Schaefer 2010). In this class of objects, material is trans-
⋆ E-mail: orlando@astropa.inaf.it
ferred from the companion red giant onto the surface of
the white dwarf. The outbursts occur on the white dwarf
when the transferred material reaches sufficient tempera-
ture and density to trigger a thermonuclear runaway (e.g.
Anupama & Miko lajewska 1999; Starrfield et al. 2000).
The 2014 outburst was monitored since the early phases
of its evolution by an intensive observing campaign, includ-
ing observations ranging from radio, to X-ray and γ-ray
wavelengths. A summary of the observations is presented in
Page et al. (2015). Observations of the Chandra X-ray Ob-
servatory Transmission Grating Spectrometers on UT 2014
February 22, and 23 (namely between 15.8 and 17.4 days
since the outburst) revealed a rich spectrum of emission
lines indicative of emitting plasma with temperatures rang-
ing between a few MK and tens of MK (Drake et al. 2016).
The spectral analysis has shown that X-ray line profiles are
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significantly asymmetric and too strongly peaked to be ex-
plained by a spherically-symmetric blast wave (Drake et al.
2016); also the lines present a systematic blueshift of 160±
10 km s−1. All these features have been interpreted as ev-
idence of significant blast collimation in analogy with the
findings of previous studies of other nova outbursts.
In recent years, there has been a growing consensus
in the literature that blast collimation is a common fea-
ture of nova outbursts. For instance, collimation signatures
analogous to those found for V745 Sco have been found
during the 2006 outburst of the recurrent nova RS Oph
at radio, infrared, optical, and X-ray wavelengths (e.g.
Sokoloski et al. 2006; O’Brien et al. 2006; Bode et al. 2006;
Luna et al. 2009; Drake et al. 2009). Convincing theoreti-
cal support of the idea that nova blasts are highly colli-
mated has been provided by accurate multi-dimensional hy-
drodynamic models. These have shown that the interaction
of the explosion with either an accretion disc or a disc-like
equatorial density enhancement (hereafter EDE) around the
white dwarf produces a characteristic bipolar shock mor-
phology in which both the blast and the ejecta from the
outburst are strongly collimated in polar directions (e.g.
Walder et al. 2008; Orlando et al. 2009; Drake & Orlando
2010; Orlando & Drake 2012; Pan et al. 2015). In the case
of the 2006 outburst of RS Oph, Orlando et al. (2009) have
shown that the broadening of emission lines observed with
Chandra is the result of the interaction of the blast wave
with an EDE and their asymmetries are due to substan-
tial X-ray absorption of red-shifted emission by ejecta ma-
terial. Besides that, ascertaining the presence of an EDE
in these systems is important also to unveil the origin of
γ-ray emission which seems to originate at the interface be-
tween the equatorial and polar regions (Chomiuk et al. 2014;
Metzger et al. 2015) where, most likely, the blast interacts
with the EDE.
In this paper, we explore the effects of the EDE and
the red giant companion on the blast wave morphology and
ejecta distribution during the 2014 outburst of V745 Sco
through hydrodynamic modeling. The aims include: 1) to
ascertain the role of the EDE in the collimation of blast
wave and ejecta during this particular event; 2) to provide
a deeper insight on the origin of the asymmetries, broad-
ening, and blueshifts revealed in the profiles of X-ray emis-
sion lines; and 3) to constrain the environment surrounding
this binary system by deriving the average density structure
and geometry of the circumstellar medium (CSM) immedi-
ately surrounding the nova. The latter point may provide
important clues on the final stages of stellar evolution. Also
it is relevent for our understanding of the origin of non-
thermal (synchrotron) emission observed in nova outbursts
(e.g. Chomiuk et al. 2014) which is likely due to interaction
of blast and ejecta with the dense material of the EDE. In
our approach, we synthesize the X-ray emission from the
hydrodynamic simulations and derive the spectra as they
would be observed with the Chandra Transmission Grating
Spectrometers; finally we compare the model results with
observations. In Section 2 we describe the hydrodynamic
model, the numerical setup, and the synthesis of X-ray emis-
sion; in Section 3 we discuss the results; and finally in Section
4 we draw our conclusions.
2 HYDRODYNAMIC MODELING
The three-dimensional hydrodynamic model adopted here is
similar to that of Orlando et al. (2009) and describes the ex-
pansion of the blast wave from the 2014 outburst of the nova
V745 Sco through the extended outer atmosphere of the
companion red giant. The blast wave is modeled by numer-
ically solving the time-dependent fluid equations of mass,
momentum and energy conservation, including the radiative
losses from an optically thin plasma and the thermal con-
duction. The evolution of ejecta is traced by considering a
passive tracer, Cej, associated with them (see Orlando et al.
2009 for more details). The calculations are performed us-
ing FLASH, an adaptive mesh refinement multiphysics code
for astrophysical plasmas (Fryxell et al. 2000). The hydro-
dynamic equations for compressible gas dynamics are solved
using the FLASH implementation of the piecewise-parabolic
method (Colella & Woodward 1984).
For the system parameters (namely binary separation,
abs, and radius of the red giant companion, R∗), we adopt
the values of Schaefer (2009) (see Table 1). The companion is
included as an impenetrable body with radius R∗ = 126R⊙.
We assume the gas density in the wind is proportional to r−2
(where r is the radial distance from the companion red gi-
ant) and explore different values of the mass-loss rate. In
addition to the r−2 density distribution, we include a dif-
fuse, disc-like distribution around the binary system which
describes an EDE (see Fig. 1). Detailed hydrodynamic mod-
eling studies predict that this equatorial structure originates
from gravitational accumulation of the cool red giant wind
towards the white dwarf (e.g. Walder et al. 2008; Pan et al.
2015). Following Orlando & Drake (2012), we describe the
mass density distribution of the unperturbed CSM in Carte-
sian geometry as
ρ = ρwr
−2
pc + ρede e
[−(x/hx)
2
−(y/hy)
2
−(z/hz)
2] (1)
where ρw = µmHnw is the wind mass density at 1 pc, µ ≈ 1.3
is the mean atomic mass (assuming metal abundances of 0.5
times the solar values; Orio et al. 2015), mH is the mass of
the hydrogen atom, rpc is the radial distance from the red
giant in pc, ρede = µmHnede is the density of the EDE close
to the red giant, and hx, hy, and hz are characteristic length
scales determining the size and shape of the EDE.
Note that, in our description of the CSM, we do not
consider the effect of the white dwarf which may induce a
wake like a spiral arm due to its orbit through the red giant
wind. The V745 Sco system is believed to be quite similar to
the RS Oph system (see the discussion at the beginning of
section 3.1). Thus, we can estimate the region expected to
be dominated by spiral arms from the work of Walder et al.
(2008) in which the authors reconstruct the density struc-
ture of the pre-nova CSM around RS Oph. From their Fig.
2, we note that the region which is heavily dominated by the
arms is within a distance of ≈ 1 au from the white dwarf.
We expect, therefore, that our model (which neglects the
more complex structure of the CSM immediately surround-
ing the white dwarf) does not describe accurately the very
early (first day) evolution of the blast. On the other hand,
in this work, we aim at comparing our model results with
observations at later times (> 1 day), namely when the blast
is expected to propagate through the less perturbed part of
the EDE. In particular we do not expect any relevant effect
c© RAS, MNRAS 000, 1–16
Modelling the 2014 outburst of the nova V745 Sco 3
-4 -2 0 2 4 6
x [10 au]
-4
-2
0
2
4
z 
[10
 au
]
      
 
 
 
 
 
1.7 au
E43.5-M6.5-H3-D7.7
0 days
6
7
8
9
Figure 1. Colour-coded cross-section image of the gas density
distribution, on a logarithmic scale, in units of cm−3, showing the
initial conditions of run E43.5-M6.5-H3-D7.7. Note that only one
quadrant of the whole spatial domain was modeled numerically,
namey for positive values of y and z (see text and Table 1). The
inset panel shows a close-up view of the initial geometry of the
V745 Sco system. The companion star is at the origin (white circle
on the left of the inset), and the initial spherical blast wave lies
on the x axis at x = 1.7 au (red circle on the right).
on the X-ray emission synthesized at day 17, corresponding
to the time of Chandra observations.
As an initial condition, we assume a spherical Sedov-
type blast wave originating from the thermonuclear explo-
sion with total energy Eb and ejecta mass Mej. No wind
phase after the initial thermonuclear runaway event is con-
sidered (e.g. Kato & Hachisu 1994, 2009). The blast wave
is centered on the white dwarf, with an initial radius rb0 =
0.3 au, offset from the red giant by 1.7 au (Schaefer 2009).
The influence of the different system parameters is investi-
gated by exploring models with an initial energy of explo-
sion Eb in the range 10
43
− 1044 erg, ejecta mass Mej in the
range 10−7−10−6M⊙, wind density at 1 pc nw in the range
0.005−0.1 cm−3, EDE density close to the red giant nede in
the range 107−5×108 cm−3, and characteristic length scale1
hz in the range 1−7 au (see Table 1). The model neglects the
wind velocity (≈ 10 km s−1; e.g. Banerjee et al. 2014) which
is expected to be several orders of magnitude lower than the
velocity of the blast (much larger than 1000 km s−1). We
consider also additional simulations without an EDE and
assuming the origin of the blast wave to be either coinci-
dent with the origin of the wind or offset from it by 1.7 au.
The former models are analogous to the 1D models used by
Drake et al. (2016) to interpret the Chandra data and are
considered here just to compare our results with those of
Drake et al. (2016), whereas the latter models highlight the
effect of shielding of the blast by the red giant secondary.
1 We keep the values of the other length scales fixed, namely
hx = hy = 54 au.
For these additional simulations, we adopt blast and wind
parameters consistent with those discussed by Drake et al.
(2016). The explosion and subsequent expansion of the blast
wave is followed for a total of 20 days in order to explore
the evolution of the X-ray emission till the epoch of Chan-
dra observations and study the effects of the circumstellar
environment on the evolution of the blast.
Given the four-fold symmetry of the system, the hydro-
dynamic equations are solved in one quadrant of the whole
spatial domain in order to reduce the computational cost.
The coordinate system is oriented in such a way that both
the white dwarf and the companion star lie on the x-axis
(see Fig. 1). The companion is at the origin of the coordinate
system, (x, y, z) = (0, 0, 0), and the computational domain
extends to 120 au in the x direction and 60 au in both the y
and z directions; the white dwarf is located to the right on
the x-axis (y = z = 0) at x = 1.7 au (namely the assumed
binary separation; see Table 1). We impose reflecting bound-
ary conditions at ymin = 0 and zmin = 0 (consistently with
the adopted symmetry) and outflow (zero-gradient) condi-
tions at the other boundaries.
As with previous modeling of other nova blasts (e.g.
RS Oph, Walder et al. 2008; Orlando et al. 2009; U Sco,
Drake & Orlando 2010; and V407 Cyg, Orlando & Drake
2012; Pan et al. 2015), the small scale of the stellar system
compared with the size of the rapidly expanding blast wave
over the period covered presents a major computational
challenge. To this end, we exploit the adaptive mesh capa-
bilities of FLASH by using 10 nested levels of adaptive mesh
refinement, with resolution increasing twice at each refine-
ment level. The refinement/derefinement criterion adopted
(Lo¨hner 1987) follows the changes in mass density, temper-
ature, and tracer of ejecta. The calculations are performed
using an automatic mesh derefinement scheme in the whole
spatial domain except in the portion including the compan-
ion (where we keep the same resolution of ≈ 0.015 au during
the whole evolution, corresponding to ≈ 40 grid points per
radius of the companion). This strategy keeps the compu-
tational cost approximately constant as the blast expands
(e.g. Orlando et al. 2015, 2016): the maximum number of
refinement levels used in the calculation gradually decreased
from 10 (initially) to 6 (at the end) following the expansion
of the blast. At the beginning (at the end) of the simula-
tions, this grid configuration yielded an effective resolution
of ≈ 0.015 au (≈ 0.24 au) at the finest level, corresponding
to ≈ 20 zones per initial radius of the remnant (> 150 zones
per final radius of the remnant). The effective mesh size var-
ied from 4096 × 2048 × 2048 initially to 512 × 256 × 256 at
the end of the simulation.
From the model results, we synthesize the X-ray emis-
sion arising from the interaction of the blast wave with
the surrounding medium. To this end, we adopt the As-
trophysical Plasma Emission Code (APEC)2 for optically-
thin, collision-dominated plasma with solar abundances of
Anders & Grevesse (1989) (AG). We assume abundances of
0.5 times the solar values for the wind and EDE (Orio et al.
2015), and AG abundances enhanced by a factor of 10 for
the ejecta. The latter choice was guided by the evidence of
metal-rich ejecta - with abundances enhanced by possibly
2 http://www.atomdb.org/
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Table 1. Adopted parameters and initial conditions for the hydrodynamic models of the 2014 V745 Sco explosion
Parameter Value Notes
Secondary star radius R∗ = 126R⊙ Schaefer (2009)
Binary separation abs = 1.7 au Schaefer (2009)
Distance D = 7.8 kpc Schaefer (2010)
Spatial domain −50 6 x 6 70 au
0 6 y 6 60 au
0 6 z 6 60 au
AMR max. resolution 2.25 × 1011 cm (0.015 au)
Time covered 0–20 days
Eb Mej nw nede hx hy hz
Model abbreviation [erg] [M⊙] [cm−3] [cm−3] [au] [au] [au]
E43-M7-W0.1-nostar 1043 10−7 0.1 − − − −
E43.5-M7-W0.1-nostar 3× 1043 10−7 0.1 − − − −
E43-M7-W0.1 1043 10−7 0.1 − − − −
E43.3-M7-W0.1 2× 1043 10−7 0.1 − − − −
E43-M7-H1-D8 1043 10−7 0.005 108 54 54 1
E43-M7-H2-D8 1043 10−7 0.005 108 54 54 2
E43-M7-H2-D8.7 1043 10−7 0.005 5× 108 54 54 2
E43.3-M7-H2-D8 2× 1043 10−7 0.005 108 54 54 2
E43.5-M6.5-H3-D8 3× 1043 3× 10−7 0.005 108 54 54 3
E43.5-M6.5-H3-D7.7 3× 1043 3× 10−7 0.005 5× 107 54 54 3
E43.5-M6.5-H7-D7 3× 1043 3× 10−7 0.005 107 54 54 7
E43.5-M6-H3-D8 3× 1043 10−6 0.005 108 54 54 3
E44-M6.5-H3-D7.7 1044 3× 10−7 0.005 5× 107 54 54 3
E44-M6.5-H3-D8 1044 3× 10−7 0.005 108 54 54 3
E44-M6.5-H7-D7 1044 3× 10−7 0.005 107 54 54 7
more than a factor of 10 - in high-resolution X-ray spectro-
scopic studies of RS Oph and V407 Cyg (e.g. Drake et al.
2009; Shore et al. 2011). The adopted abundances are im-
portant for the estimate of local absorption by the CSM
and ejecta encountered within the blast wave and for the
synthesis of X-ray emission arising from the blast. We adopt
the methodology described by Orlando et al. (2009) to syn-
thesize the X-ray emission. The latter includes the Doppler
shift of lines due to the component of plasma velocity along
the line of sight and the photoelectric absorption by the in-
terstellar medium (ISM), CSM and ejecta. The absorption is
computed using the absorption cross sections as a function of
wavelength from Balucinska-Church & McCammon (1992).
The local absorption is calculated self-consistently from the
distributions of CSM and ejecta; the interstellar absorption
is calculated assuming a neutral hydrogen column density
of NH = 5× 10
21 cm−2 in agreement with suggestions from
the analysis of Chandra and Swift observations (Page et al.
2015; Drake et al. 2016). A distance of 7.8 kpc is adopted
in agreement with Schaefer (2010). The exposure time rele-
vant for capturing the appropriate “blurring” of the explo-
sion over the finite observation duration is assumed to be
texp = 40 ks (roughly the same order of magnitude of obser-
vations by the Chandra High Energy Transmission Grating
Spectrometer, HETG; Drake et al. 2016).
3 RESULTS
3.1 Hydrodynamic evolution
Our model predicts an evolution of the blast wave which
is analogous to those found for other nova outbursts
(Walder et al. 2008; Orlando et al. 2009; Drake & Orlando
2010; Orlando & Drake 2012; Pan et al. 2015). In V745 Sco,
the white dwarf is located within the dense wind of its
red giant secondary, as in the case of RS Oph and simi-
lar to the white dwarf of V407 Cyg which sits in the mas-
sive circumstellar gas envelope of its Mira companion. In
particular, available information suggests that V745 Sco is
probably analogous to the RS Oph system, having very
similar values for the binary separation (between 1.5 and
1.7 au), the orbital period (of the order of 500 days), and
the secondary star radius (between 120 and 150 R⊙) (e.g.
Dobrzycka & Kenyon 1994; Fekel et al. 2000; Schaefer 2009,
2010). In both systems the estimated mass accretion rate is
of the order of ≈ 10−7 M⊙ yr
−1 (e.g. Kantharia et al. 2016).
On the other hand, V745 Sco has a much tighter orbital
separation than V407 Cyg, implying that, in the case under
study, the nova explodes initially into a relatively higher den-
sity environment. The fact that the white dwarf of V745 Sco
is very close to the companion (with an orbital separation
of 1.7 au) together with the significant size of the compan-
ion (R∗ ≈ 126R⊙ ≈ 0.6 AU), implies that the red giant is
expected to shield partially the blast, in analogy with the
results found for the other novae.
Fig. 2 illustrates six representative simulations repro-
ducing the blast wave evolution of V745 Sco. In particular,
the figure shows the gas density distributions in the (x, z)
c© RAS, MNRAS 000, 1–16
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Figure 2. Cross-section images of the gas density distribution, on a logarithmic scale in units of cm−3 (see the colour table in the upper
right-hand corner of each panel), at t = 17 days since the outburst, for six representative V745 Sco models. The red giant secondary
is at the origin and the initial blast wave is offset from the origin to the right by 1.7 au. Inset panels show the blast structure in the
immediate vicinity of the binary system. The white circle in the inset represents the red giant companion. The white dashed contour
encloses the ejecta. The white solid contours denote the regions with plasma temperature T > 105 K: the outer solid contour marks the
position of the forward shock, the inner one the position of the reverse shock.
plane bisecting the system (the equatorial plane is observed
edge-on) at t = 17 days, roughly the time when the blast
wave was observed by the Chandra X-ray observatory. The
distribution of ejecta is delineated by the dashed contour
which encloses regions where more than 90 per cent of the
mass is material ejected in the explosion. As an example, a
movie showing the 3D rendering of ejecta density (in units
of cm−3) and plasma temperature (in units of K) distribu-
tions during the blast evolution for model E43.5-M6.5-H3-
D8 is provided as on-line material3 (movie 1). In all the
cases examined, the system evolution is characterized by
the fast expansion of the shock front with temperatures of
a few millions degrees, and the development of Rayleigh-
Taylor (RT) instabilities at the interface (contact disconti-
nuity) between shocked ejecta and shocked ambient medium
(e.g. Kane et al. 1999). In particular, the RT instabilities are
3 The blue volume in the movie is the unshocked EDE with den-
sity larger than 107 cm−3, the orange sphere represents the red
giant companion, and the white sphere offset to the right by 1.7 au
the initial blast. Note that the original spatial resolution of the
numerical data has been reduced to save memory when producing
the movie describing the full evolution of the blast in the whole
domain.
responsible for the growth of high density fingers extend-
ing towards the remnant outline (see Fig. 2 and movie 1).
The inner (unshocked) ejecta are cool due to their fast adi-
abatic expansion. At this stage, thermal conduction rather
than radiative cooling dominates the evolution of the shock
heated plasma. As a result, both hydrodynamic and thermal
instabilities that would otherwise develop during the blast
expansion are significantly suppressed (e.g. Orlando et al.
2005, 2008).
Our simulations show aspherical shock morphologies
rendered by the blast wave propagation through the inhomo-
geneous circumstellar environment, similar to those found
from the modeling of the RS Oph and V407 Cyg outbursts
(Walder et al. 2008; Orlando et al. 2009; Orlando & Drake
2012; Pan et al. 2015). In particular, the presence of a disc-
like EDE leads to a characteristic bipolar shock morphology
in which both the blast and the ejecta are strongly colli-
mated in polar directions. The collimation is more promi-
nent for lower explosion energy and/or higher density of
EDE (e.g. runs E43-M7-H2-D8.7 and E43.5-M6.5-H3-D7.7
in Fig. 2) as might be expected. Fig. 3 shows, as an ex-
ample, the collimation of ejecta 17 days after the outburst
for the model E43.5-M6.5-H3-D8. Similar blast collimation
but due to the presence of a dense circumstellar accretion
c© RAS, MNRAS 000, 1–16
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Figure 3. 3D rendering of the distributions of ejecta density (in
units of cm−3) and plasma temperature (in units of K), 17 days
after the outburst for the model E43.5-M6.5-H3-D8. The volume
has been sliced in the (x, z) plane bisecting the system for easy
inspection of the blast interior. The blue volume is the unshocked
EDE with density larger than 107 cm−3, the orange sphere at
the center of the domain represents the red giant companion, the
white sphere offset to the right by 1.7 au the initial blast. The
plane of the orbit of the central binary system lies on the (x, y)
plane. Refer to on-line movie 1 for an animation of these data.
disc was predicted by hydrodynamic simulations of the early
U Sco blast by Drake & Orlando (2010). The simulations
also show that a reverse shock develops quite early in the
evolution as a result of the interaction of the blast wave with
the dense EDE. The reverse shock travels back into the ex-
panding ejecta, heating them to temperatures of few MK
(lower than the temperature of shocked CSM). We expect,
therefore, that shocked ejecta contribute mainly to X-ray
emission at longer wavelengths.
The shape of the blast is also affected by the presence
of the red giant companion. The evolution is similar in all
our simulations and Fig. 4 shows, as an example, the case
of run E43.5-M6.5-H3-D84. In fact, the shock front propa-
gating towards the companion is partially shielded and re-
fracted around it. Then the shock follows an evolution anal-
ogous to that found in hydrodynamic simulations of U Sco
and V405 Cyg: the shock engulfs the companion star and
converges on the rear side of it, undergoing a conical self-
reflection (see lower panel in Fig. 4). At the same time, a
4 An on-line movie shows a close up view of the 3D rendering
of ejecta density (in units of cm−3) and plasma temperature (in
units of K) distributions during the early evolution of the blast
wave for model E43.5-M6.5-H3-D8 (movie 2). The blue volume
is the unshocked EDE with density larger than 108 cm−3 (the
plane of the orbit lies on the (x, y) plane) and the orange sphere
represents the red giant companion. Movie 2 shows the evolution
of the blast at full spatial resolution.
-5 0 5 10
-10
-5
0
5
10
z 
[ a
u ]
1 day
E43.5-M6.5-H3-D8
    
 
 
 
 
 
6.5
7.0
7.5
8.0
8.5
9.0
9.5
Lo
g 
n 
[ c
m-
3  
]
6.0
6.5
7.0
7.5
8.0
8.5
Lo
g 
T 
[ K
 ]
-5 0 5 10
x [ au ]
-10
-5
0
5
10
z 
[ a
u ]
5 days
E43.5-M6.5-H3-D8
    
 
 
 
 
 
6.5
7.0
7.5
8.0
8.5
9.0
9.5
Lo
g 
n 
[ c
m-
3  
]
6.0
6.5
7.0
7.5
8.0
8.5
Lo
g 
T 
[ K
 ]
Figure 4. Close-up view of the cross-section images of the gas
density distribution (upper half-panel) and temperature (lower
half-panel) on a logarithmic scale (see color tables on the right of
each panel), at the labeled times for run E43.5-M6.5-H3-D8. The
white circle at the origin represents the red giant companion; the
white solid contour encloses the ejecta.
bow shock with temperatures of few MK and density of
≈ 108 cm−3 is produced on the front side of the companion,
reheating the ejecta and contributing to their collimation in
polar directions. As expected the bow shock is more ener-
getic in models with the highest explosion energy (e.g. runs
E44-M6.5-H3-D7.7 and E44-M6.5-H7-D7 in Fig. 2). In these
cases, the interaction of the shock with the expanding un-
shocked ejecta leads to the formation of a dense region on
the front side of the red giant (see lower center and right
panels in Fig. 2).
From the simulations, we derive the distribution of
emission measure vs temperature of the blast wave in order
to compare our model results with those obtained from the
analysis of Chandra observations (Drake et al. 2016). From
the spatial distribution of mass density, we first derive the
c© RAS, MNRAS 000, 1–16
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Figure 5. Emission measure vs temperature distributions,
EM(T ), of the blast wave at day 17 derived from models ei-
ther without (upper panel) or with (lower) EDE (see Table 1).
The black histogram and the data points represent the EM(T )
estimated from the analysis of Chandra/HETG observations
with an eight-temperature model fit (histogram), with a three-
temperature model fit (black dots), and with an isothermal model
fit (crosses) (Drake et al. 2016). The factor 1060 assumes a dis-
tance for V745 Sco of 7.8 kpc.
emission measure in the j-th domain cell as emj = n
2
HjVj,
where n2Hj is the hydrogen number density in the cell, Vj is
the cell volume, and we assume fully ionized plasma. The
EM(T ) distribution is then derived by binning the emission
measure values as a function of temperature; the range of
temperature [6 < log T (K) < 9] is divided into 15 bins, all
equal on a logarithmic scale. Figure 5 shows the EM(T ) for
models either without (upper panel) or with (lower panel)
EDE at day 17. The figure also shows the EM(T ) inferred
from the analysis of Chandra/HETG spectra (Drake et al.
2016).
All the models (either with or without the EDE) show a
similar trend of the EM(T ) distribution. The shape is char-
acterized by a bump centered at temperatures between 106
and 108 K, depending on the parameters of the blast and
CSM. The peak of EM is at higher temperatures for higher
values of the explosion energy, E0, and/or for lower values
of density of the EDE, nede. The peak of EM increases for
higher values of EDE density, nede, and/or for higher mass
of ejecta, Mej. Models without EDE require a high density
of the red giant wind, nw, in order to fit the EM inferred
from the observations at T ≈ 107 K. Models including an
EDE require a less dense wind and predict that the shape of
EM(T ) depends on the thickness of the EDE. Among these,
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Figure 6. FWHM of H I Paβ emission line vs. time predicted by
models either without (upper panel) or with (lower) EDE (see Ta-
ble 1). The data points (crosses) represent the values inferred from
observations of V745 Sco (Banerjee et al. 2014). The data points
correspond to the broader line component in the line widths of
Banerjee et al. (2014) which is interpreted as arising from the
forward shock.
the models best matching the observed EM(T ) are those
with explosion energy Eb between 3 × 10
43 and 1044 erg,
ejecta mass Mej between 3× 10
−7 and 10−6 M⊙, EDE den-
sity nede between 5 × 10
7 and 108 cm−3, and thickness of
the EDE hz ≈ 3 au.
We note that, apparently, the EM(T ) inferred from the
observations is characterized by two peaks, one centered at
T ≈ 107 K and the other at T ≈ 5 × 107 K. Our mod-
els are able to reproduce only the low temperature peak.
From the analysis of Chandra observations of the 2006 out-
burst of RS Oph, Drake et al. (2009) noted that EM values
at high temperatures may be influenced by effects of non-
equilibrium ionization (NEI). However, the highest temper-
ature is mainly determined by the continuum in the fits of
observed spectra of V 745 Sco. The continuum shape follows
the electron temperature and, in fact, Drake et al. (2016)
have found that the fit to Chandra HETG looks really good
out to the shortest wavelengths (see Fig. 3 of Drake et al.
2016). The Fe XXV (λ1.85) line appears to be slightly un-
derpredicted by the spectral model, suggesting that Fe ions
might suffer from NEI effects. It is also possible that the
hot plasma is a vestige of the super-hot (T > 4 × 107 K)
plasma observed in the first three days of the outburst by
Swift (Page et al. 2015). Our models cannot describe this
super-hot component and, in fact, they predict shock tem-
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Figure 7. Average plasma temperature vs. time for the V745 Sco
blast wave predicted by models either without (upper panel) or
with (lower) EDE (curves; see Table 1) and those inferred from
the analysis of Swift X-ray Telescope observations (crosses and
arrows; Drake et al. 2016). The arrows at early times indicate
lower limits to the temperature.
peratures significantly lower than those observed during the
first few days, even with the EDE.
In order to constrain better the model parameters, we
compare the evolution of average velocity and temperature
of the blast derived from the simulations with those inferred
from observations. In particular Banerjee et al. (2014) an-
alyzed the profile of H I Paβ emission line between day 1
and 16 after outburst and found that, in general, the line
is composed of broad and narrow components. Following
Drake et al. (2016), we interpret the broad component as
arising from the forward shocks, so that its full width at
half maximum (FWHM) should reflect the average velocity
of the blast (Banerjee et al. 2014; see Fig. 6). The average
temperature of the blast as a function of time was derived
by Drake et al. (2016) from the analysis of Swift X-ray Tele-
scope observations (see Fig. 7). From the simulations, we
derive the velocity, < vsh >, and temperature, < Tsh >, of
the forward shock, both averaged over the whole remnant
outline and weighted for the emission measure. Then the
FWHM of the H I Paβ line is calculated as 1.8 < vsh > (see
Sect. 5 in Drake et al. 2016).
The comparison between modeled and observed quan-
tities is reported in Figs. 6 and 7. Our 3D models without
EDE (upper panels in the figures) produce results analogous
to those of Drake et al. (2016), based on a 1D analytic model
(Laming & Hwang 2003), if the blast is centered on the ori-
gin of the wind (runs E43-M7-W0.1-nostar and E43.5-M7-
W0.1-nostar). The figures show that the effect of shielding
of the blast by the red giant secondary produces significant
changes in the evolution of < vsh > and < Tsh > (see runs
E43-M7-W0.1 and E43.3-M7-W0.1). None of these models
produce a satisfactory description of the observations.
Among the models including the EDE, run E43.5-M6.5-
H3-D8 best matches the average blast velocity vs. time (but
it underestimates the average blast temperature), whereas
run E44-M6.5-H3-D7.7 is the one best matching the average
blast temperature (but it overestimates the average blast
velocity). On the other hand, by comparing the effective ar-
eas of Chandra and Swift, we note that the latter is more
sensitive to emission from plasma at high temperature; in
fact, the shock temperature inferred from Swift observa-
tions around day 17 is slightly higher than that inferred
from the analysis of Chandra observations (see Drake et al.
2016). We argue therefore that Swift detects preferentially
the hotter plasma in the blast, namely that which propa-
gates in polar directions. A compromise between the above
two models matching either the shock velocity or the tem-
perature is given by run E43.5-M6.5-H3-D7.7 which slightly
overestimates < vsh > by ≈ 10% and underestimates
< Tsh > by ≈ 50%. The model with the highest ejecta
mass (Mej = 10
−6 M⊙) considered, E43.5-M6-H3-D8, fits
resonably well the average blast velocity (although it sys-
tematically underestimates < vsh > during the first 5 days
of evolution), but it underestimates the average blast tem-
perature as run E43.5-M6.5-H3-D8. All these four models
(runs E43.5-M6.5-H3-D8, E43.5-M6.5-H3-D7.7, E44-M6.5-
H3-D7.7, E43.5-M6-H3-D8) fit the observed EM(T ) distri-
bution quite well (see Fig 5).
Finally, we note again that all the models underestimate
(even by one order of magnitude) the early-time Swift tem-
peratures, although models with EDE are closer to match
than models without EDE (compare upper and lower pan-
els in Fig. 7). This is mainly due to the early collimation of
the blast by the EDE in polar directions (see Fig. 4) which
makes the shock propagating poleward much hotter than
the shock front in models without EDE. Our favored mod-
els with explosion energy Eb ≈ 3 × 10
43 erg (namely runs
E43.5-M6.5-H3-D8 and E43.5-M6.5-H3-D7.7) predict early
temperatures of ≈ 20 keV, more than a factor of 2 lower
than observed. A better match is obtained by models as-
suming an explosion energy Eb ≈ 10
44 erg although, also
in this case, the temperatures decay very quickly (at odds
with observations) due to the fast adiabatic expansion of
the blast. Presumably models with an even larger explosion
energy might reproduce the observed values. However high
explosion energies do not seem to be realistic in the present
case and these models are expected to fail in reproducing
the evolution of shock velocity.
3.2 X-ray emission and spectral line profiles
From the model results, we synthesize the X-ray emission in
the [0.6− 12.4] keV band using the method outlined in Sec-
tion 2 (see also Orlando et al. 2009 for more details). Figs. 8
and 9 show maps of X-ray emission projected along the line
of sight at day 17 (namely the time of Chandra observa-
tions; Drake et al. 2016) for the models reported in Fig. 2.
Since the binary inclination remains unknown, in order to
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explore the observational consequences of different inclina-
tions we assume an inclination of the orbital plane relative
to the sky plane either of 65o (Fig. 8) or of 25o (Fig. 9).
The white dashed contours in the figures outline the ejecta
projected along the line of sight. For high inclination of the
binary orbit (i = 65o), we find that, in general, most of the
X-ray emission originates from the interaction of the blast
with the EDE and is concentrated on the equatorial plane.
Due to projection effects, the emission appears either in the
form of small-scale sources propagating in the direction per-
pendicular to the line-of-sight (e.g. run E43-M7-H2-D8.7 in
the upper left panel of Fig. 8) or as a ring-like structure ly-
ing in the equatorial plane (e.g. run E43.5-M6.5-H3-D8 in
the upper right panel of Fig. 8). Similar plasma structures
have been found in numerical simulations describing other
nova outbursts (e.g. Walder et al. 2008; Orlando et al. 2009;
Orlando & Drake 2012) and are generally expected as a re-
sult of the propagation of the blast through the EDE. In
other cases, a smaller contribution to X-ray emission arises
also from the ejecta collimated in polar directions (e.g. run
E44-M6.5-H7-D7 in the lower right panel of Fig. 8). In some
cases the contribution from the ejecta is dominant (e.g. run
E43.5-M6.5-H7-D7 in the lower left panel of Fig. 8) and the
X-ray source is a polar cap propagating toward the observer
(namely the portion of the blast less affected by local ab-
sorption from dense ejecta). For low inclination of the bi-
nary orbit (i = 25o), the morphology of the X-ray source is
almost ring-like5 (see Fig. 9). Note that the dashed contours
in Fig. 9 outline the ejecta projected along the line of sight;
for low inclination of the orbit the contours delineate the
cross-section of ejecta located at large distances above (or
below) the equatorial plane where they are more expanded
(see Fig. 8). This may give the false impression that the
emission originates from the ejecta.
The synthetic spectra of V745 Sco as predicted to be
observed by the Chandra High Energy Grating (HEG) and
Medium Energy Grating (MEG) are derived by integrat-
ing the emission of the whole spatial domain. Synthetic
line profiles include instrumental broadening which becomes
a more significant component of the line profiles toward
shorter wavelengths. The synthetic spectra are character-
ized by prominent emission lines from different elements,
covering a large range in plasma temperature. This was ex-
pected on the basis of the EM(T ) distributions derived from
the models, revealing the broad nature of the plasma tem-
perature distribution (see Fig. 5). We analyze the synthetic
spectra with the aim to investigate the origin of the broad-
ening and asymmetries detected in the observations by the
Chandra/HETG (Drake et al. 2016). In particular, we re-
strict our analysis to the line profiles of the most promi-
nent spectral lines reported in Table 2. We find that the
model best reproducing the line profiles of V745 Sco ob-
served with Chandra at days 16 and 17 is run E43.5-M6.5-
5 Note that, in run E43-M7-H2-D8.7, the remnant morphology
for a high inclination of the binary orbit (i = 65o; see upper
left panel of Fig. 8) is characterized by two small-scale sources
instead of a ring-like structure (as for an inclination of i = 25o;
upper right panel of Fig. 9). This is due to heavy absorption of
emission by the dense unshocked EDE for the proceeding portion
of the remnant and by the dense unshocked ejecta for the receding
portion of the remnant.
Table 2. Parameters (in units of [km s−1]) characterizing the
profiles of the most prominent spectral lines in the HEG and
MEG spectra derived from Chandra observations and from run
E43.5-M6.5-H3-D8, assuming different inclinations i of the orbital
plane relative to the sky plane.
model E43.5-M6.5-H3-D8 assuming i ≈ 65o
vctr FWHM FWZI BSZI RSZI
SXVI (λ4.72) -25 1121 2902 -1476 1426
SXV (λ5.03) -5 1121 2882 -1446 1436
SiXIV (λ6.18) -35 1021 2652 -1366 1286
SiXIII (λ6.64) -35 960 2482 -1276 1206
MgXII (λ8.42) -85 941 2332 -1256 1076
MgXI (λ9.16) -95 910 2352 -1266 1086
NeX (λ12.13) -225 940 2442 -1446 995
FeXVII (λ15.01) -295 1011 2612 -1606 1006
OVIII (λ18.97) -405 1321 3423 -2117 1306
model E43.5-M6.5-H3-D8 assuming i ≈ 25o
vctr FWHM FWZI BSZI RSZI
SXVI (λ4.72) -15 880 2282 -1156 1126
SXV (λ5.03) 15 850 2202 -1086 1116
SiXIV (λ6.18) -15 800 2082 -1056 1026
SiXIII (λ6.64) -5 700 1802 -905 895
MgXII (λ8.42) -35 670 1761 -915 845
MgXI (λ9.16) -35 650 1681 -875 805
NeX (λ12.13) -145 910 2362 -1326 1036
FeXVII (λ15.01) -575 1031 2682 -1916 765
OVIII (λ18.97) -1156 1981 5115 -3708 1506
H3-D8. For this model, Fig. 10 shows the profiles for the
lines selected by Drake et al. (2016): the abundant H-like
ions SiXIV (λ6.18), MgXII (λ8.42), and NeX (λ12.13) ob-
served by HEG and OVIII (λ18.97) observed by the MEG6.
The figure also compares the synthetic profiles with those
observed with Chandra (Drake et al. 2016). Note that the
signal-to-noise ratio is rather poor for the OVIII line. In
the Appendix we report the line profiles derived for all the
models shown in Figs. 8 and 9 and for the model with the
highest ejected mass (E43.5-M6-H3-D8).
The synthetic lines exhibit broadening and asymmetries
which are similar to those observed, especially if the plane of
the orbit of the binary system is inclined by 65o (left panel
in Fig. 10). These profiles are also similar to those predicted
by hydrodynamic models describing the 2006 outburst of
RS Oph (Orlando et al. 2009). We analyze the line profiles
through fitting with a Gaussian function7. Table 2 reports
the parameters characterizing the line profiles for our best-fit
case: the shift of the line centroid vctr (negative values are
for blue-shift), the full width at half maximum (FWHM),
6 The OVIII (λ18.97) doublet falls outside of the HEG range and
is observed only by the MEG.
7 Note that, in many cases, a Gaussian function is only a rough
approximation of the line profile, because the latter can be
asymmetric and consisting of plasma components with different
Doppler shift (see Fig. 10). Here the fit with a Gaussian com-
ponent is intended just to provide indicative values of the line
centroid and broadening.
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Figure 8. X-ray images of the blast (normalized to the maximum of each panel and in linear scale) in the [0.6−12.4] keV band projected
along the line of sight after 17 days of evolution, corresponding to the density distributions illustrated in Fig. 2. The plane of the orbit of
the central binary system lies on the (x, y) plane and is assumed to be inclined by 65o relative to the sky plane. Note that, in this figure,
z is the vertical axis in the inclined reference frame. The white dashed contour outlines the ejecta projected along the line of sight. The
white solid contour denotes the projected forward shock.
the full width at zero intensity (FWZI), the line profile blue-
shift at zero intensity (BSZI), and the line profile red-shift at
zero intensity (RSZI). The values of the line widths include
the instrumental broadening to make straightforward the
comparison of model results with observations.
In velocity terms, the synthetic lines for the case with
i = 65o are characterized by FWZI ranging between ≈ 2300
and 2900 km s−1 (except the OVIII line with FWZI of
approximately 3400 km s−1), FWHM ranging between ≈
900 and 1100 km s−1, more peaked than expected for a
spherically-symmetric shock, and in agreement with Chan-
dra observations. The lines are even more peaked assum-
ing i = 25o (see Table 2). By comparing synthetic and ob-
served line profiles in Fig. 10, we note that our most favoured
model with i = 65o slightly underestimates the observed line
widths for the SiXIV and MgXII (left panels in the figure),
whereas the NeX line width is very well reproduced. The
line fitting may be improved by changing slightly the incli-
nation of the orbital plane relative to the sky plane. On the
other hand, it is likely that the imperfect match of hotter
lines is due to simplifications in the prescription of the EDE
and CSM.
Drake et al. (2016) suggested that the pointed shape of
emission lines indicates a highly collimated blast wave and
have shown that line profiles similar to those observed can
be produced if the emission is restricted to an equatorial
belt (ring-like) with a system inclination i ≈ 25o or to one
pole (cap-like) with i ≈ 85o. Our model predicts that most
of the X-ray emission originates from the equatorial plane
(see Figs. 8 and 9). In particular the models best matching
the EM(T ) distribution and the evolution of shock velocity
and temperature inferred from the observations (runs E43.5-
M6.5-H3-D7.7 and E43.5-M6.5-H3-D8) support the scenario
of a prominent X-ray emitting equatorial ring, originating
from the interaction of the blast with the EDE.
The centroids of the synthetic lines are, in general,
blueshifted and the amount of the shift depends on the wave-
length (see Table 2 and Fig. 10): assuming i = 65o the net
blueshift increases from ≈ −25 km s−1 in SXVI (λ4.72) up
to ≈ −400 km s−1 in OVIII (λ18.97) which is the most
striking case. If we assume an inclination i = 25o, again the
blueshift increases with the wavelength but now the trend
appears clear only for wavelengths larger than 9 A˚; there
the blueshift increases from ≈ −35 km s−1 in MgXI (λ9.16)
up to the very high value of ≈ −1100 km s−1 in OVIII
(λ18.97). The result obtained for i = 65o is that best repro-
ducing the result found from the analysis of Chandra/HETG
observations. The line profiles tend to be more extended to
the blue than the red, and the effect is most striking for
the OVIII doublet (see Fig. 10). As noted by Drake et al.
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Figure 9. As in Fig. 8 but assuming the plane of the orbit of the central binary system to be inclined by 25o relative to the sky plane;
z is the vertical axis in the inclined reference frame.
(2016), this pattern is a clear signature of intrinsic absorp-
tion within the remnant which affects mainly the emission
from the shock heated plasma on the remnant hemisphere
propagating away from the observer. Our simulations con-
firm that the prominent blueshift of synthetic lines is caused
by the ejecta which mostly absorb the emission originating
from the receding portion of the remnant that would other-
wise contribute to the redshifted wing of the lines.
The tracer associated with the ejecta allows us to deter-
mine the contribution of shocked ejecta to the X-ray emis-
sion. Fig. 10 shows that the emission lines consist of two
components: one due to shocked ejecta (red lines in the fig-
ure) and the other to shocked CSM (blue lines). The former
increases for longer wavelengths: the emission of OVIII is
almost entirely due to shocked ejecta. In fact, as discussed
in Sect. 3.1, the interaction of the blast with the CSM trig-
gers the development of a reverse shock which heats the
ejecta to temperatures lower than that of shocked CSM (see
Fig. 4). As a result, the dominant contribution to the X-ray
spectrum at wavelengths shorter than ≈ 10 A˚ comes from
the forward shock-heated CSM as expected during the early
phase in symbiotic novae (e.g. Bode & Kahn 1985). This re-
sult is also in agreement with the findings of Drake et al.
(2016) that the abundances derived from the analysis of
Chandra spectra are consistent with a solar mixture. It is
worth mentioning here that our results depend on the as-
sumption of AG abundances enhanced by a factor of 10 for
the ejecta. A change to the abundances of ejecta would al-
ter the balance of ejecta vs CSM contributions to emission
lines. This is especially true for the NeX line of our best-fit
model in which the two contributions are comparable. On
the other hand, for OVIII the ejecta are still expected to be
a significant contributor even for solar-like abundances.
Due to the larger ejecta abundances, the redshifted
emission from the ejecta is, in general, more absorbed than
that of shocked CSM. As a consequence the ejecta com-
ponent appears more asymmetric and blueshifted than the
CSM component. Inspecting Fig. 8, we note that a contri-
bution to emission may arise from shocked ejecta collimated
in polar directions (e.g. runs E43.5-M6.5-H3-D7.7 and E44-
M6.5-H7-D7 in the figure). The effect is most striking in run
E43.5-M6.5-H7-D7 where the contribution from ejecta dom-
inates (see also the Appendix). Due to the local absorption,
the contribution to emission is the largest from the ejecta
propagating toward the observer, so that a net blueshift is
expected for this component (see the Appendix for a more
detailed analysis of this case). A larger ejected mass makes
the contribution of shocked ejecta to X-ray emission larger.
This is the case, for instance, of run E43.5-M6-H3-D8 with
Mej = 10
−6 M⊙: the O VIII and NeX lines are dominated
by shocked ejecta (see the Appendix).
Indeed our simulations suggest that an accurate anal-
ysis of X-ray emission lines might reveal useful information
about the chemical composition of the ejecta in these explo-
sions. To do this, we need to disentangle the ejecta contribu-
tion to emission from the CSM contribution. This depends
c© RAS, MNRAS 000, 1–16
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Figure 10. Synthetic velocity profiles of the H-like resonance lines of SiXIV, MgXII, NeX, and OVIII (shades lightblue) derived from
model E43.5-M6.5-H3-D8 at day 17. The plane of the orbit of the central binary system lies on the (x, y) plane and is assumed to be
inclined either by 65o (on the left) or by 25o (on the right) relative to the sky plane. The red and blue lines represent the contribution to X-
ray emission of shocked ejecta material and shocked CSM, respectively. Line profiles observed with the Chandra HETG are superimposed
(green lines; Drake et al. 2016).
on the quality of the collected spectra of course, but it crit-
ically depends also on the combination of explosion param-
eters and density distribution of the surrounding CSM. In
the case of “cold” lines dominated by ejecta, the poor signal-
to-noise ratio obtained for some of these lines (e.g. see the
OVIII line in Fig. 10) can make difficult to derive informa-
tion about the chemical composition of the ejecta. Never-
theless, in the case of V745 Sco under study, by comparing
the predicted and observed Ne and O spectral line ratios, we
find no signs of strong Ne enhancement that might betray
a NeMgO white dwarf. Thus our model suggests that the
progenitor white dwarf is a CO type.
In the case of hotter lines the ejecta contribution to
the total line profile can be only a small percentage even
with abundances enhanced by a factor of 10; this is the case
of Si and Mg in run E43.5-M6.5-H3-D8 but also of Ne in
which the contribution from ejecta to the total line profile
is only about 50% (see Fig. 10). On the other hand, we find
also cases in which the X-ray emission may be dominated by
shocked ejecta at all wavelengths (see the Appendix for more
details). An example is run E43.5-M6.5-H7-D7 (see lower
left panel in Fig. 8) in which the low density of the EDE
makes the contribution of shocked CSM to emission smaller
than that of shocked ejecta. Possibly, in these cases, we may
hope to be able to detect ejecta enriched in the underlying
white dwarf material from blast wave spectra. This would
be valuable for determining more accurately whether the
underlying white dwarf is a CO or an NeMgO type.
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4 SUMMARY AND CONCLUSIONS
We investigated the origin of broadening and asymmetries
of emission lines observed with Chandra/HETG during the
2014 outburst of V745 Sco. The analysis was performed
through a 3D hydrodynamic model which describes the in-
teraction of the blast wave from the outburst with the inho-
mogeneous CSM. The model takes into account simultane-
ously the radiative cooling and the thermal conduction, and
considers an EDE surrounding the binary system.
We explored the parameter space of the model and
found that, in all the cases, the blast wave is highly as-
pherical and its morphology is largely influenced by the
pre-existing inhomogeneous CSM. Both the blast and the
ejecta distribution are efficiently collimated in polar direc-
tions due to the presence of the EDE. In addition, the shock
front propagating toward the red giant companion is par-
tially shielded by it. As a result, depending on the explosion
enegy and density of the EDE, a wake with dense and hot
post-shock plasma can form on the rear side of the compan-
ion star.
We searched for the model best fitting the observa-
tions by comparing the average velocity and temperature
of the forward shock derived from the models with those
inferred from observations. We found that the observations
are best reproduced if the mass of ejecta in the outburst
was Mej ≈ 3 × 10
−7 M⊙ and the explosion energy was
Eb ≈ 3×10
43 erg. This model predicts a distribution of emis-
sion measure vs. temperature and an evolution of shock ve-
locity and temperature which are compatible with those de-
rived from the analysis of observations, and our ejected mass
and explosion energy assessments are broadly in agreement
with the estimates of Banerjee et al. (2014) and Drake et al.
(2016). Interestingly, an ejected mass of ≈ 3 × 10−7 M⊙
is considerably lower than the mass needed to initiate the
thermonuclear reaction (Drake et al. 2016). If true, then the
conclusion is that the system will be gaining mass making
V745 Sco a Type 1a supernova (SN1a) progenitor candidate.
Our best-fit model allowed us to constrain also the av-
erage density structure and geometry of the pre-nova envi-
ronment: the binary system is surrounded by an EDE with
density ranging between 5 × 107 and 108 cm−3 and thick-
ness ≈ 3 au. This information is important in view of future
studies concerning the origin of the non-thermal emission de-
tected during the blast wave evolution in radio and γ-rays
(Kantharia et al. 2016; Cheung et al. 2014, 2015). In partic-
ular the γ-rays likely originate in the interaction of the blast
and ejecta with the immediate circumstellar environment
(Ackermann et al. 2014; Chomiuk et al. 2014). The case of
V745 Sco, where the γ-ray detection almost coincided with
the nova onset, indicates a rapid particle acceleration and,
therefore, suggests a very dense medium in the immediate
vicinity of the white dwarf. This is consistent with expecta-
tions of the structure of the EDE that we have diagnosed
here.
We synthesized the X-ray emission during the blast
wave evolution and found that, in general, most of the X-
ray emission originates from the interaction of the blast with
the EDE and is concentrated on the equatorial plane. Due
to projection effects, the emission appears either in the form
of small-scale sources propagating in the direction perpen-
dicular to the line-of-sight or as a ring-like structure. A con-
tribution to emission may arise also from the shocked ejecta
collimated in polar directions. In this case the sources of X-
ray emission are, in general, in the form of polar-caps. In all
the cases, the synthetic line profiles are more peaked than
expected for a spherically symmetric shock, in nice agree-
ment with the observations.
As found from the analysis of Chandra/HETG obser-
vations (Drake et al. 2016), the synthetic line profiles are
asymmetric and slightly blueshifted, especially at wave-
lengths larger than 7 A˚. Our analysis shows that these
asymmetries are due to substantial X-ray absorption of red-
shifted emission by ejecta material, confirming the conclu-
sion of Drake et al. (2016). The X-ray emission lines con-
sist of two components, one originating from the shocked
CSM and the other from shocked ejecta. The former is the
dominant contribution, at least for wavelengths shorter than
≈ 10 A˚. The latter component suffers more the effect of lo-
cal absorption of redshifted emission and exhibits the largest
asymmetries. Our models indicate that, in general, shocked
ejecta contribute substantially to both NeX and OVIII lines
(e.g. see Fig. 10). While there are still some discrepancies
between models and observations, comparison of predicted
and observed Ne and O spectral line ratios reveals no signs
of strong Ne enhancement (see also the other cases discussed
in the Appendix) that might betray a NeMgO white dwarf
and suggests the progenitor is instead a CO white dwarf.
Finally the model best matching the observed line profiles
requires a high inclination of the orbital plane relative to
the sky plane (≈ 65o).
Our simulations confirm that the presence of an EDE
or a disc-like structure around the white dwarf in these sys-
tems is an important ingredient in shaping the expanding
blast wave and ejecta distribution and, thus, in determining
the characteristics of the emitted spectra. Analogous results
obtained from the modeling of other recurrent nova out-
bursts (RS Oph, U Sco, V407 Cyg) suggest that blast and
ejecta collimation by an EDE is likely an ubiquitous feature
in these systems. The results presented here point out once
more that the analysis of X-ray spectra from nova outbursts
together with accurate hydrodynamic modeling may provide
information on the structure and geometry of the environ-
ment around these objects and, ultimately, useful clues to
the late stages of stellar evolution.
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APPENDIX A: PROFILES OF X-RAY
EMISSION LINES
In the paper we discuss in detail the synthetic line profiles
as predicted to be observed by the Chandra HEG and MEG
for our best-fit model, namely run E43.5-M6.5-H3-D8 (see
Fig. 10 and Table 2). Here we report the line profiles of the
abundant H-like ions SiXIV (λ6.18), MgXII (λ8.42), NeX
(λ12.13) and OVIII (λ18.97) for the models shown in Figs. 8
and 9 (see Figs.A1-A6) and for the model with the highest
ejected mass (E43.5-M6-H3-D8). We find that the models
show significant differences in the synthetic line profiles de-
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Figure A1. As in Fig. 10 for run E43-M7-H2-D8.7 (see also upper
left panel in Figs. 8 and 9).
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Figure A2. As in Fig. 10 for run E43.5-M6.5-H3-D7.7 (see also
upper center panel in Figs. 8 and 9).
pending on the combination of explosion parameters and
density distribution of the surrounding CSM.
In general, the emission is dominated by shocked CSM
at shorter wavelengths and by shocked ejecta at longer wave-
lengths as found for run E43.5-M6.5-H3-D8. There are how-
ever two exceptions. In run E43-M7-H2-D8.7, the line pro-
files are very sharp and the emission is dominated by shocked
ejecta at shorter wavelengths and by shocked CSM at longer
wavelengths (see Fig. A1). This is mainly due to the high
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Figure A3. As in Fig. 10 for run E43.5-M6.5-H3-D8 (see also
upper right panel in Figs. 8 and 9).
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Figure A4. As in Fig. 10 for run E43.5-M6.5-H7-D7 (see also
lower left panel in Figs. 8 and 9).
density of the EDE which makes the reverse shock heating
the ejecta stronger and the shocked CSM denser and colder
than in other models. The result is that the shocked ejecta
are hotter than the shocked CSM so that they contribute
more to the emission of “hot” lines.
The other exception is run E43.5-M6.5-H7-D7 in which
the main contribution to line emission originates from
shocked ejecta for all the lines selected (see Fig. A4). Now
the cause is the low density of the EDE which makes the
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Figure A5. As in Fig. 10 for run E44-M6.5-H3-D7.7 (see also
lower center panel in Figs. 8 and 9).
contribution to emission from shocked CSM smaller than
that in the other models. We note also that, in this case, the
line profiles may show two peaks (for instance in the MgXII
line in the left panel of Fig. A4) when the orbital plane is
highly inclined relative to the sky plane (65o). This feature is
the consequence of the collimation of shocked ejecta in polar
directions, so that the sources of X-ray emission are polar-
caps propagating one toward, and the other away from, the
observer. As a result, the double-peaked lines reflect these
two ejecta components, one blueshifted and the other red-
shifted, with the latter more absorbed by the dense ejecta
and CSM placed along the line-of-sight.
Finally, the model with the highest ejected mass (E43.5-
M6-H3-D8) present a significant contribution of shocked
ejecta especially at longer wavelengths (see Fig. A7). This is
not surprising because, in this case, the density of ejecta is
higher than in our best-fit model E43.5-M6.5-H3-D8. Since
the effect of local absorption is larger for the ejecta (due to
their larger abundances), the redshifted emission from the
ejecta is more absorbed than that of shocked CSM and the
line profiles in run E43.5-M6-H3-D8 are more asymmetric
and blueshifted than in run E43.5-M6.5-H3-D8 and in the
observations (see Drake et al. 2016).
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Figure A6. As in Fig. 10 for run E44-M6.5-H7-D7 (see also lower
right panel in Figs. 8 and 9).
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Figure A7. As in Fig. 10 for run E43.5-M6-H3-D8.
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